During the process of hepatic excretion, a diverse group of exogenous organic compounds and endogenous metabolites is conjugated with polar anionic molecules (1) . Although it is clear that the physical and chemical characteristics of these compounds can be drastically altered by conjugation, the relationship between conjugation and excretion has not been fully elucidated (2) . Formation of the glucuronide conjugate appears to be an essential step in the excretion of bilirubin (3) (4) (5) . Gunn rats, a congenitally jaundiced mutant species of Wistar rats, have a partial deficiency of glucuronyl transferase activity for several substrates and an essentially complete inability to form bilirubin glucuronide (6, 7) . As a result they are incapable of excreting significant quantities of bilirubin in the bile (8) , although their capacity to excrete exogenously administered bilirubin glucuronide is undisturbed (9) , and in other respects hepatic function is normal.
In the course of studying the enterohepatic circulation of mesobilirubinogen-14C we observed that a Gunn rat excreted three-quarters of a 1.9-mg dose of this bilirubin derivative within 90 minutes of intravenous administration (10) . This finding, which suggested that mesobilirubinogen was not excreted as the glucuronide conjugate, was unexpected in view of the apparent similarity be-tween mesobilirubinogen and bilirubin ( Figure 1 ). To determine whether a relationship exists among molecular structure, conjugation, and excretion, we prepared a series of tritiated bile pigments and administered it intravenously to rats with external biliary drainage. We determined the rate of biliary excretion of these compounds and established whether they are excreted in bile as the glucuronide conjugate.
Methods
Preparation of radioactive compounds. Radiochemically pure, specifically labeled bilirubin-'H was prepared biosynthetically by techniques described previously (11) Mesobilirubin was labeled with tritium by catalytic reduction of unlabeled bilirubin (12a) in the presence of tritium gas. For this purpose 50 mg of crystalline bilirubin was mixed with 10 mg of palladium black (99%) in a small hydrogenation vessel equipped with a magnetic stirrer and dropping funnel. Into the funnel was placed several milliliters of 0.1 N NaOH, and the apparatus was evacuated and filled with tritium gas obtained by the electrolysis of 15% KOH in tritiated water, SA 36 mc per mmole. The catalyst was equilibrated for 30 minutes, and 3 ml of the NaOH solution was added dropwise with stirring. The deep red mixture was stirred for 3 hours, during which 40 ml of tritium gas (theory 37.9 ml) was taken up, and the solution changed to a light yellow color. The solution was acidified with glacial acetic acid, and the yellow pigment was extracted into chloroform. The chloroform extracts were washed with water, dried over sodium sulfate, and evaporated to dryness. The yellow pigment was crystallized and recrystallized by displacement of chloroform with boiling methanol. The yield of crystalline material equaled 34% of the starting material. On spectrophotometric examination, the end product showed maximal absorption at 433 nmy [absorption maximum of mesobilirubin in chloroform = 434 mAe (13) Mesobilirubinogen-3H was prepared by sodium amalgam reduction according to the method of Fischer and Orth (12b) by substituting 2 ml of tritiated water, SA 54 mc per mmole, in the reaction mixture. The colorless amorphous mesobilirubinogen-'H was crystallized from hot ethyl acetate and stored in evacuated tubes, in the dark, at -20°C. The yield of amorphous powder equaled 60%, but only 10% of the end product was obtained in crystalline form. On addition of Ehrlich reagent and saturated sodium acetate, the tritiated chromogen formed a characteristic urobilinogen-aldehyde complex with maximal absorption at 557 mju [absorption maximum of urobilinogen-aldehyde = 556 mAu (15) ].
The SA of mesobilirubinogen-8H equaled 42 mc per mmole, and within the limits of the methodology employed, the specific activities of amorphous, crystalline, and recrystallized mesobilirubinogen were equal (10) .
Mesobilirubinogen-3H dissolved in petroleum ether was oxidized to optically inactive (i)-urobilin-3H hydrochloride according to the method of Watson (16) . This redorange pigment was crystallized and recrystallized by displacement of methanol with boiling ethyl acetate. The yield of crystalline end product equaled 10%o of the mesobilirubinogen-3H. Because of the low yield, it was convenient to add unlabeled mesobilirubinogen (prepared by techniques similar to those described above) to the starting material to obtain enough pigment for crystallization. When i-urobilin-0H hydrochloride was dissolved in 3%o HCl in methanol, maximal absorption occurred at 493 mu [absorption maximum of i-urobilin hydrochloride in 3% hydrochloric acid in methanol = 494 m/A (14b)], and characteristic green fluorescence was obtained on addition of zinc acetate to methanolic solutions (14c). The maximal SA obtained was 1 mc per mmole, and the specific activity remained constant on repeated crystallization.
Administration of tritiated compounds. Male SpragueDawley C.D. rats and congenitally jaundiced Gunn rats were prepared with an external biliary fistula. Weighed samples of tritiated pigments and pigment derivatives were dissolved in 0.1 N NaOH, and the basic solution was added gradually and with stirring to rat serum. The serum was neutralized and administered to the rats by rapid intravenous injection. With the rats under continued ether anesthesia, the bile was collected during 15-minute periods for a total of 90 minutes with collection tubes changed at 15-minute intervals. All samples were collected in subdued light at 40 C, and when possible, analysis of the specimens was performed immediately upon completion of the experiment.
Analytical methodology. Chromatography of the diazo pigments of bilirubin and mesobilirubin was performed according to the method of Schmid (4) . After development of the chromatograms, conjugated diazo pigments were eluted from the paper in 1 N acetic acid, and the eluates were taken to dryness in vacuo. The dried pigment was dissolved in a small volume of 1 N acetic acid, and 0.1 ml was incubated at 370 C for 6 to 12 hours under nitrogen with 30,000 U of bacterial p-glucuronidase 1 and 2.5 ml of 0.2 N acetate buffer pH 5.0 (total volume of incubation mixture, 3.0 ml). On completion of incubation, the solution was acidified and extracted with butanol; the extracted pigment was then rechromatographed. Mixtures of crystalline (unconjugated) bilirubin and mesobilirubin were applied to Whatman 3 mm paper in 5-to 10-jg quantities and separated by chromatography (17) in system I [ascending, chloroform: petroleum ether (1: 9)]. The chromatogram was divided into strips and counted in a liquid scintillation counter. Mesobilirubinogen and i-urobilin were extracted from acidified bile into chloroform, and 1-to 4-,ug quantities were chromatographed on Whatman 3 mm paper in the following solvent systems: system II, ascending, methanol: butanol: ammonia (1: 3: 2) (17); system III, ascending, ethyl acetate: octanol (1:1, saturated with ammonia) (18) ; system IV, descending, butanol: pyridine: water (1: 1: 1). The chromatograms were dried, sprayed with zinc acetate in methanol, and examined under fluorescent light to identify the compounds and to calculate their Ra.
Bilirubin and mesobilirubin were crystallized from bile according to the method of Ostrow, Hammaker, and Schmid (19) . i-Urobilin was extracted into chloroform from acidified bile and crystallized from methanol-ethyl acetate as described above. Mesobilirubinogen in bile specimens was oxidized with ferric chloride and hydrochloric acid and then crystallized as i-urobilin. Bile specimens and crystals were counted in a liquid scintillation spectrometer, and the results were analyzed statistically by methods described previously (20 of bilirubin-3H were administered to two Gunn rats, less than 10% of the radioactive dose was excreted ( Figure 2 , Table I ). Similar results were obtained with mesobilirubin-3H ( Figure 3 , Table I ). From 71 to 80% of administered mesobilirubin-3H was excreted by four normal rats within 90 minutes, whereas 10 and 2% was excreted by two Gunn rats during an identical time period. Discussion On the basis of earlier reports and the results described above, it can be concluded that significant differences exist in the mechanisms by which bile pigments and their derivatives are excreted. On the one hand, bilirubin is excreted by the liver as the diglucuronide (3-5) ; on the other, the experiments described above suggest that both mesobilirubinogen and i-urobilin are excreted, at least in part, as the intact unconjugated tetrapyrrole.
The techniques for the isolation and identification of mesobilirubinogen and i-urobilin are by no means as satisfactory as those employed for bilirubin. Whereas the availability of labeled compounds permitted accurate assessment of rates of excretion, identification of excreted metabolites was limited to those experiments in which more than 150, Lg of mesobilirubinogen-3H or i-urobilin-3H was administered. It should be emphasized that, because of the limitations of methodology, we made no attempt to identify minor fractions of labeled compounds excreted in the bile. Our studies do not exclude the possibility that some mesobilirubinogen or i-urobilin is excreted conjugated with glucuronide or other sugar moieties as has been suggested previously (21) .
Within these limitations, we established that the major proportion of mesobilirubinogen was excreted in bile intact and unaltered. The excreted material was Ehrlich reactive and could be oxidized to urobilin. That most of this material was not mesobilirubinogen glucuronide was indicated by the fact that two-thirds to three-quarters could be extracted into the nonpolar solvent petroleum ether-ethyl ether (9: 1). Mesobilirubinogen extracted from the bile of rats receiving the tritiated chromogen intravenously migrated chromatographically at the same rate as crystalline (unconjugated) mesobilirubinogen. Finally, when mesobilirubinogen-3H was administered to Gunn rats, 88 and 92% of the dose was excreted in bile within 90 minutes of injection. Although it is conceivable that Gunn rats have a normal complement of "mesobilirubinogen glucuronyl transferase," the possibility appears remote.
The relative stability and ease of crystallization of i-urobilin permitted a more direct examination of the mechanism of its excretion. After intravenous administration of the tritiated pigment, approximately one-half of the material appearing in the bile could be identified spectrophotometrically and by crystallization as intact i-urobilin. Pigment extracted from bile migrated chromatographically in three solvent systems with Rf identical to those of crystalline i-urobilin. As with mesobilirubinogen, Gunn rats excreted three-quarters of the administered i-urobilin-8H over a dose range of 93 to 606 /Lg. In fact, during the period from 30 to 90 minutes after injection, Gunn rats appeared to excrete i-urobilin-3H more effectively than normal rats, and a similar but less pronounced trend was observed in studies of mesobilirubinogen-3H excretion (Figures 4 and 5) . The apparent lower rate of excretion among normal rats might be explained as the result of competitive inhibition of mesobilirubinogen and i-urobilin excretion by endogenous bilirubin (22) . Competitive inhibition would be of a much lower order of magnitude in Gunn rats, which are incapable of excreting appreciable quantities of bilirubin (8) . The limited availability of Gunn rats prevented the performance of an adequate number of experiments for valid statistical confirmation of this trend, but it is clear that Gunn rats excrete mesobilirubinogen and i-urobilin at least as effectively as normal rats.
In view of their apparent similarity (Figure 1 ), it is somewhat surprising that bilirubin is excreted almost exclusively as the glucuronide, whereas the major fraction of mesobilirubinogen and i-urobilin is excreted without conjugation. The side chains of each of the tetrapyrroles are in so-called IXa sequence (14d), and a carbonyl group is attached to the free a position of each of the outer pyrrole rings. The formula of each tetrapyrrole differs from the others only in the degree of saturation of its double bonds. Each is weakly acidic at physiologic pH; with the exception of i-urobilin, each is maximally soluble in chloroform and minimally soluble in water. Bilirubin and i-urobilin have chromophoric centers consisting of systems of resonating conjugated double bonds. Bilirubin and mesobilirubinogen have four protonated pyrrole nitrogens, and i-urobilin has three. The physiologic behavior of the members of the series has several features in common. After intravenous injection, each is cleared rapidly from the plasma, taken up by the hepatic parenchyma, and secreted at high concentrations in bile.
Despite the apparent similarities, however, an examination of the molecular formulas shown in Figure 1 reveals that essentially two differences exist between the depicted structures of bilirubin, on the one hand, and mesobilirubinogen and i-urobilin on the other. In the former, the inner and outer pyrrole rings are joined by unsaturated (methyne) carbon-carbon linkages [bridges a and c according to accepted nomenclature (14e, 23)], whereas in mesobilirubinogen and i-urobilin these positions are saturated (methene). Secondly, in bilirubin the second and eighth side chain groups are unsaturated (vinyl), whereas in mesobilirubinogen and i-urobilin these side chains are saturated (ethyl). The intermediate compound mesobilirubin appeared to provide a test of whether the presence of unsaturated outer bridges determines which tetrapyrroles form glucuronides, or whether unsaturation of the side chains is the determining factor. Mesobilirubin cannot be isolated from biologic materials (17) but can be synthesized by the catalytic reduction of bilirubin in vzitro (12a). The vinyl side chains of bilirubin are saturated by the reduction, but the outer carbon bridges remain unsaturated (Figure 1) .
The pattern of excretion of mesobilirubin-3H was strikingly similar to that of bilirubin-8H. Excretion by Gunn rats was defective, and normal rats excreted mesobilirubin-3H as the glucuronide conjugate. This result would be predicted if it were assumed that the conjugation of tetrapyrroles depends upon the presence or absence of unsaturation in bridges a and c. It should be noted that the results do not exclude the possibility that, rather than unsaturation at positions a and c being significant, the point of differentiation between the two groups of compounds is the presence of two unsaturated bridges per se. Thus, it would be necessary to administer labeled tetrapyrroles with a,b or b,c unsaturation (e.g., mesobiliviolin, mesobilierythrin) to prove that the a,c configuration is specific. Unfortunately, the structure of these compounds and their preparative chemistry have not, at present, been developed sufficiently to permit purification and physiologic investigation.
Any explanation of the relationship between the conjugating mechanism and the presence of methyne a,c bridges must remain speculative. Nevertheless, one can distinguish several major effects of unsaturation at these positions on the resultant pigment and pigment derivatives. By constructing Dreiding molecular models of the tetrapyrrole series one can readily demonstrate that the limitation of rotation introduced by unsaturation of these bridges (as in bilirubin and mesobilirubin) results in a marked degree of molecular "rigidity." Since free rotation can occur around saturated carbon-carbon bonds, however, molecular models of mesobilirubinogen and i-urobilin exhibit a much higher degree of flexi-bility. Several lines of evidence suggest that internal hydrogen bonding occurs in some or all of the molecules of the series. The rigidity introduced by methyne a,c bridges would be expected to influence the ease with which hydrogen bonds form between the side chain carboxyls and the hydrogen atoms attached to ring nitrogens (24) , or between the carbonyl oxygens of the outer rings and the hydrogen atoms of the ring nitrogens (25) . Moreover, the presence of unsaturation at positions a,c should further influence hydrogen binding at the carbonyl oxygen atoms by extending the system of resonating conjugated double bonds to include both the inner and the outer pyrrole rings. By effecting changes in internal (or external) hydrogen bonding, the presence of methyne or methene bridges might further modify molecular configuration and thereby influence the biologic behavior of individual tetrapyrroles.
It is tempting to speculate that the configurational differences conferred by saturation or unsaturation of the a,c bridges influence the "fit" of the tetrapyrrole to the secretory carrier. The more flexible molecules (mesobilirubinogen and i-urobilin) might fit the secretory carrier directly, whereas the more rigid members of the series (bilirubin and mesobilirubin) might have to be modified by conjugation in order to permit a fit. On the other hand, the physical-chemical characteristics of all four tetrapyrroles are altered by the degree of saturation of the outer bridges. Those tetrapyrroles that are saturated at positions a,c have lower melting points and are more water soluble than the other members of the series. Rather than specifically modifying secretory carrier fit, the physical-chemical changes introduced by alteration of the outer bridges may influence the mechanism of excretion by limiting penetration of the molecules to the site of the carrier or by influencing other stages in the complex excretory process. To determine the relative contribution of each of these factors, we are now studying the excretion of other polypyrrolic compounds.
One additional observation should be made on the relationship between a,c unsaturation and glucuronide conjugation. Treatment of the diazo derivative of bilirubin glucuronide results in the formation of a hydroxamate derivative (26) . Since hydroxamate formation is limited to carboxyl (acyl) glucuronides (27) , it is generally accepted that bilirubin is conjugated by esterification of its propionic acid carboxyls (28) . On the other hand, final proof of this assumption by the isolation of bilirubin glucuronide and direct analysis of its structure has not yet been advanced. When a comparison is made to steroid conjugates, the extreme instability of conjugated bilirubin more closely resembles an enol-than an esterglucuronide (29) . Unsaturation of the a,c bridges extends the conjugation of the double bond system to include both the outer and inner pyrrole rings. Because of this and because of their closer proximity to the carbonyl (keto-enol) group than to the propionic acid side chains, the effect of unsaturation of bridges a and c is more likely to be on the former. Our evidence that alterations in these bridges influence the mechanism of conjugation suggests that the question of the site of bilirubin conjugation should be re-examined.
Summary
The mechanism of excretion of four tetrapyrroles-bilirubin, mesobilirubin, mesobilirubinogen, and optically inactive (i)-urobilin-was studied in normal and Gunn rats. For this purpose 3H-labeled tetrapyrroles were prepared, and their radiochemical purity was established. On intravenous administration, each was rapidly excreted in bile by normal rats, but only mesobilirubinogen and i-urobilin were excreted in substantial quantities by Gunn rats. In the normal species studied, 90% of the bilirubin and mesobilirubin excreted was in the form of the glucuronide conjugate. In contrast, a major fraction of excreted mesobilirubinogen and i-urobilin appeared in the bile intact and unaltered.
These findings suggest that glucuronide conjugation of bile pigments may be governed by a specific molecular configuration: unsaturation of the outer (a,c) tetrapyrrole bridges.
